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ABSTRACT
Accurate sensory perception in noisy environments requires physiological mechanisms that reduce
sensory interference. In the auditory system, it has been hypothesized that attentional control of cochlear
responses to sound facilitates listening in noisy environments by modulating the effects of medial
olivocochlear (MOC) efferent activity in the cochlea. However, conclusive support for this hypothesis has
been elusive over the past 50 years. We investigated this issue using a novel experimental paradigm in
which human subjects performed auditory tasks on transient sounds presented in acoustic noise, while we
recorded click-evoked otoacoustic emissions (CEOAEs) in the task ear. CEOAEs are low-level sounds
that are generated in the cochlea, recorded in the ear-canal and provide a non-invasive measure of the
MOC effects on cochlear mechanical responses to sound.
Our results show clear evidence that attending to transient sounds in noise caused an increase in MOC
activity during the auditory task. MOC activity was greater on trials with correct responses compared to
trials with incorrect responses, which provides evidence that the MOC activity brought about a
perceptually beneficial change in cochlear operation. In addition, the task-dependent MOC activity scaled
with auditory task difficulty and varied with task instructions. These results indicate the existence of a
dynamic task-dependent interaction between the cochlea and the brain that has the function of optimizing
cochlear operation to enhance auditory perceptual accuracy in noisy acoustic environments.
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Chapter 1: Thesis Overview
I. Introduction
Natural acoustic environments contain sounds that vary along many physical dimensions used by
the auditory system to create the percept of hearing. For example, a primary function of the cochlea is to
analyze the frequency content of sounds over a wide range of sound levels. However, many sounds have
overlapping frequency spectra, which can cause perceptual interference (i.e., masking) when the level of
the interfering sounds (i.e., background noise) is sufficient to stimulate the cochlear frequency region also
responding to an attended sound in the noise. This masking effect is, in part, due to the non-linear process
of cochlear amplification.
Cochlear mechanical response properties are dependent upon cochlear amplifier (CA) gain
(Ruggero et al, 1997; de Boer & Nuttall, 1999; Cooper and Guinan, 2006), and are believed to largely
determine auditory nerve (AN) responses (Ruggero et al, 1992; Narayan et al, 1998; Temchin et al,
2008a,b). Since ANs are the primary auditory input to the central nervous system, their responses to
sound are fundamental to auditory perception. Most AN rate-level functions exhibit saturating non-linear
growth in response to transient sounds (e.g., tone-bursts). If tone-bursts are presented concurrently with
background noise, AN rate-level functions will have a reduced dynamic range in response to the tone-
bursts because of the steady-state response to the noise, and the subsequent decreased availability of
neurotransmitter at the inner hair cell (IHC)-AN synapse (Smith, 1979; Kawase et al, 1993; Guinan,
2006). This reduces sensitivity to changes in tone-burst levels. These changes in AN rate-level functions
are one way of describing how cochlear responses to acoustic background noise interferes with listening
to transient sounds (e.g., tone-bursts).
Cochlear responses to the noise can be reduced by activity in the medial olivocochlear (MOC)
efferent system. MOC cell bodies in the brainstem receive inputs from both the ascending and descending
auditory neural pathways and they send efferent axons to synapse with outer hair cells (OHCs) in the
cochlea, forming an olivocochlear feedback system (Warr and Guinan, 1979; de Venicia et al, 2005). The
system is binaural, but in this thesis we are only concerned with the ipsilateral pathway to a given ear, in
order to allow a more tractable approach to understanding how MOC activity changes cochlear responses
to monaural stimuli.
MOC activity inhibits OHC electromotility, which reduces CA gain (Mountain and Hubbard,
1994; Cooper and Guinan, 2006). It is the reduction of CA gain that allows MOC activity to reduce
cochlear responses to noise. Acoustic noise reflexively activates MOC efferents (Warren and Liberman,
1989), which decreases mechanical cochlear responses to the noise (via OHC-inhibition), and
subsequently reduces adaptation to the noise at the IHC-AN synapse (Smith, 1979; Kawase et al, 1993;
Guinan, 2006). The result is an expansion of the dynamic range of AN responses to transient sounds. This
increases the slope of the AN rate-level function near its unsaturated region, which enhances AN
sensitivity to changes in sound level. These MOC-induced changes are believed to facilitate the
perception of transient sounds (e.g., tone-bursts) in noise. In addition to the auditory afferent pathways
that mediate MOC reflex activation, the MOC system receives inputs from the cortex and the brainstem
(Mulders & Robertson, 200; Xiao and Suga, 2002; Zhang & Dolan, 2006; Brown et al, 2010), which is
hypothesized to provide a pathway for auditory attention to control cochlear responses to sound by
modulating MOC activity, and therefore MOC effects in the cochlea. However, the animal and human
literature on this topic (Dewson, 1968; Trahiotis & Elliot, 1970; Igarashi et al 1979b; May & McQuone,
1995; Micheyl & Collet, 1996; Giraud et al, 1997; Scharf et al, 1997; Micheyl et al, 1997; Froehlich et al,
1993; Heinz et al, 1998; Zeng et al, 2000; Maison et al, 2001; May et al, 2002; Kumar & Vanaja, 2004;
de Boer & Thorton, 2007; Delano et al, 2007; de Boer & Thornton, 2008; Wagner, 2008; Harkrider &
Bowers, 2009; Walsh et al, 2010; Irving et al, 2011; Andeol et al, 2011) has not provided convincing
evidence, that is repeatable within and across subjects, for the perceptual benefit of increased MOC
activity or for the attentional control of cochlear responses to sound during auditory tasks in noise.
In this thesis, a novel experimental paradigm was developed in which human subjects performed
auditory tasks on tone-bursts presented in acoustic noise, while we recorded click-evoked otoacoustic
emissions (CEOAEs) in the task ear. CEOAEs are low-level sounds that are generated in the cochlea,
recorded in the ear canal and provide a non-invasive measure of the MOC effects on cochlear mechanical
responses to sound. Increases in MOC activity decrease CEOAE magnitudes. This combined
psychophysical test plus CEOAE measurement allowed us to make distinctions between noise-driven
(i.e., reflexive) MOC activity, and auditory task-dependent MOC activity, because we measured the
effects of MOC activity on CEOAEs (1) in the task ear during the task, and (2) in the same ear used for
the task stimuli, but without a task. We measured changes in the effects of MOC activity (1) during
auditory detection and discrimination tasks, (2) for multiple signal-to-noise ratios and without noise, (3)
during four levels of task difficulty, and (4) when subjects were given instructions not to do the task, after
doing the task. The experiments demonstrate how attentional control of cochlear responses to sound
benefits auditory perception by modulating the effects of MOC activity in the cochlea.
II. Thesis Structure
Thesis chapters two and three are self-contained papers, each emphasizing different aspects of
task-dependent MOC activity. Chapter one and four are overview and summary chapters, respectively.
Chapter four also makes suggestions for future experiments, based on the results of this thesis.
III. Chapter Overviews
A. Chapter 1: Thesis Overview
This chapter introduces the background and motivation for the experiments in this thesis. A
description is given about how increasing MOC activity might benefit auditory perception. In addition, a
distinction is made between noise-driven (i.e., reflexive) and task-dependent MOC activity.
B. Chapter 2: Auditory Perception in Noise is Enhanced by Attentional Control of Cochlear
Responses to Sound
The MOC efferent system has been hypothesized to facilitate listening in noisy auditory
environments by modulating the effects of MOC activity in the cochlea. However, no previous study was
able to make causal inferences on the relationship between auditory task performance in noise and MOC
activity in the task ear during the task, or able to show that doing an auditory task in noise causes a
perceptually beneficial change in cochlear operation brought about by increased MOC activity. In chapter
two, we show clear evidence that attending to transient sounds in noise causes an increase in MOC
activity beyond the noise-driven (i.e., reflexive) MOC response. The spectral profile of task-dependent
increases in MOC activity had large variability across subjects. In addition, the task-dependent increases
were not specific to the task frequency. Instructions not to do the task decreased MOC activity, compared
to the MOC activity in the preceding task. We also found that MOC activity scaled with task difficulty
and brought about a perceptually beneficial change in cochlear operation during the task.
C. Chapter 3: Task-Dependent Medial Olivocochlear Efferent Activity during Auditory Level
Detection and Discrimination
The MOC system has been hypothesized to influence perception in auditory level detection and
discrimination tasks. In chapter two, we showed evidence for task-dependent changes in MOC activity;
however, the variation in task-dependent MOC activity across different signal-to-noise ratios and acoustic
contexts required further investigation. In chapter three we measured MOC activity during auditory level
detection and discrimination, in the presence and absence of noise, to test the long-standing hypothesis
that task-dependent MOC activity scales with signal-to-noise ratio (SNR). We found that auditory task-
dependent MOC activity: (1) is near-constant as SNR is changed for a fixed noise level, target frequency
and task-performance target, (2) is similar for detection and discrimination tasks, (3) is influenced by
perceptual goals, (4) is less for tasks in quiet than in noise, and (5) might be larger for high task
frequencies than for low task frequencies.
D. Chapter 4: Summary and Future Directions
This chapter summaries the results and conclusions in chapters two and three. In addition,
outlines are made for future experiments, based on the results of this thesis.
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Chapter 2: Auditory Perception in Noise is Enhanced by Attentional Control of
Cochlear Responses to Sound
I. Introduction
Accurate sensory perception in noisy environments requires physiological mechanisms that
reduce sensory interference. In the auditory system, it has been hypothesized that attentional control of
cochlear responses to sound facilitates listening in noisy environments by modulating the effects of
medial olivocochlear (MOC) efferent activity in the cochlea. However, conclusive support for this
hypothesis has been elusive over the past 50 years'-". Here, we show clear evidence that attending to
transient sounds in noise causes an increase in MOC activity and brings about a perceptually beneficial
change in cochlear operation. In addition, we found that MOC activity scaled with auditory task difficulty.
The corticoefferent auditory neural pathways end with MOC efferent neurons that form synapses
on sensory amplification cells in the cochlea'". MOC activity is reflexively elicited by acoustic noise and
other sounds25 ,28 ,34. Auditory attention has been hypothesized to enhance cochlear responses to transient
sounds in noise by increasing the effects of MOC activity 2,4,s, 19 ,20 -2 3,36 in the cochlea. However, no
previous experiment has shown that doing an auditory task causes an increase in MOC activity that
produces a perceptually beneficial change in cochlear operation measured during the auditory task. We
investigated this issue using a novel experimental paradigm in which human subjects performed an
auditory level discrimination task on transient sounds (20 ms tone-bursts) presented in acoustic noise,
while we recorded click-evoked otoacoustic emissions (CEOAEs) in the task ear (see Methods;
Supplementary Figs. Sl & S2). CEOAEs are low-level sounds that are generated in the cochlea26,27 and
recorded in the ear-canal 24. CEOAEs have been widely used to measure MOC effects on cochlear
responses to sound4 6 ,s"o,3 ,is2 28 29 ,35 . We found that during the auditory task there was greater MOC
activity on trials with correct responses compared to trials with incorrect responses. Our findings provide
strong evidence that auditory attention increases MOC activity to benefit the perception of transient
sounds in noise.
II. Results
Figure 1 shows that when subjects did an auditory task, MOC effects increased relative to the
MOC effects when no task was done. The stimulus timing, noise level and average tone-burst levels were
the same during trials with and without the auditory task (see Methods). The task-dependent increases in
MOC effects were statistically significant in all eight subjects. These data show that auditory attention
changes cochlear responses to sound. Although the task-dependent increases in MOC effects varied with
frequency in each subject, no systematic frequency pattern was discerned across subjects. Thus, for
subsequent analysis, we averaged ACEOAE across frequency to yield a single metric of MOC effect for
each subject and condition.
Attentional control of cochlear responses to sound was also shown by a decrease in MOC effects
when subjects were instructed to stop doing the task. In five of the eight subjects used for Figure 1, we
measured ACEOAE in three conditions: (1) pre-task, when subjects were only told to sit still and were not
told there would be a task, (2) during the task, and (3) post-task, when subjects were instructed to stop
doing the task. The stimulus timing, noise level and average tone-burst levels were the same across all
three conditions (see Methods). MOC effects always significantly increased during the task, compared to
before the task, then significantly decreased after the task, compared to during the task (Fig. 2). Thus, the
changes in MOC activity followed the shifts in attention made in response to changes in task instructions.
It should be noted that the average MOC effect in the post-task condition was always greater than in the
pre-task condition in every subject, and significantly greater for subject 326. The lack of a return to the
pre-task condition values indicates an incomplete extinction of task-related MOC activity. This suggests
that subjects were not able to completely disengage from attending to the tone-bursts, presumably because
of the tone-burst salience acquired during the task.
In four of the eight subjects used for Figure 1, and one new subject (332), we investigated
whether task difficulty influenced MOC activation by varying the tone-burst level difference (AL) in the
discrimination task (see Supplementary Fig. S3) while keeping the stimulus timing, noise level and
average tone-burst levels the same across difficulties. Subjects were told before the experiment began that
the difficulty would vary during testing. As AL was decreased the percentage of correct responses
decreased, indicating that the task was more difficult (Fig. 3). When the task became more difficult, the
average MOC effect increased, as evidenced by the negative slope of linear regressions on each subject's
ACEOAE data. In 4 of the 5 subjects MOC effects were strongly correlated with task difficulty, as set by
AL (Fig. 3). Reflexive (i.e. not task-related) MOC effects would be expected to remain the same as AL
changed, since the noise and average tone-burst levels were fixed. Thus, the results of Figure 3 imply that
the attentional control of cochlear responses to sound adapts to auditory task difficulty by modulating
MOC effects. However, this form of control might be experience-dependent: the small correlation in
subject 332 may have been due to having only 1 hour of prior experience with the task, whereas the
remaining subjects had each done at least 9 hours of the task before doing the difficulty experiment.
To test the hypothesis that increasing MOC activity enhances auditory perception of transient
sounds in noise, we grouped ACEOAE measurements into trials with correct and incorrect responses (Fig.
4). For every subject, the MOC effects were, on average, greater for correct trials than for incorrect trials
(s314: p=<0.001; s317: p=0.55; s319: p=0.2 3 ; s320: p=0.13; s321: p=0.003; s323: p=0.74; s324: p<0.001;
s326: p=0.004; subject average: p< 0.001). Since there was no difference in the stimuli, the motor-
response (i.e., the button press) or the task instructions during correct versus incorrect trials, the
difference in performance cannot be attributed to these factors. Presumably, other factors, such as
variation in attention or effort over time, led to variation in MOC activity and this led to differences in
performance. The greater MOC activation during more accurate task performance provides the most
compelling demonstration to date that increases in MOC activity enhance auditory perception of transient
sounds in noise.
III. Discussion
Our data support the hypothesis that auditory attention enhances cochlear responses to transient
sounds in noise by increasing the effects of MOC activity. Furthermore, the MOC activity is adjusted
according to the difficulty of the listening task and provides a perceptual benefit for auditory tasks in
noise. These results suggest that the amount of MOC activation within a subject is linked to his or her
listening effort. This interpretation of MOC activity is analogous to the interpretation of pupillary dilation
as indicating a subject's listening effort 7 ,3 8 . The perceptual benefit of MOC activity is caused by a
reduction in the gain of cochlear responses to sound, which inhibits the response to continuous
background noise more than it inhibits the response to a concurrent transient sound 9-36. The inhibited
response to noise reduces adaptation at the inner-hair-cell-to-auditory-nerve synapse. The net effect is an
enhancement of cochlear responses to transient sounds'". Our results suggest that the typical assumption
that auditory attention only influences a subject's bias toward perceiving a sound is incorrect: the
decreased representation of acoustic noise in the output of the cochlea caused by performance of the
auditory task indicates that making a decision about sound levels changes the variance and/or location of
perceptual distributions in the underlying auditory decision space.
The success of our experiments compared to prior experiments is due to several factors. A major
difference between our study and previous studies is that we measured MOC effects during the auditory
task and in the task ear. This allowed us to make causal inferences on the relationship between MOC
effects and auditory task performance. Most prior studies presumed that reflexive MOC activity elicited
by sound, without a task, indicates the MOC activity present during the task, which Figures 1 & 2 show is
incorrect. A second difference is that we used stimulus parameters that were predicted to receive a benefit
from MOC activity' 9. Many previous studies that did not find a relationship between auditory task
performance and MOC effects59"' chose auditory tasks with stimuli that, based on auditory-nerve data,
would not be expected to receive a benefit from the effects of MOC activity". In conclusion, our results
provide evidence for the existence of a dynamic task-dependent interaction between the cochlea and the
brain that has the function of optimizing cochlear operation to enhance auditory perceptual accuracy in
noisy acoustic environments.
IV. Methods Summary
9 human subjects participated in our experiments. Sounds were presented and recorded through
insert ear-phones while the subjects sat in a sound-attenuating room. Stimulus presentations were
separated into trials containing two consecutive tone-bursts presented concurrently with broad-band
acoustic noise. During the task trials, subjects were instructed to respond by button press to indicate if the
two tone-bursts in a trial were the same or different. Task difficulty was set by the decibel (dB) level
difference (AL) between the two tone-bursts in a trial, which changed the percentage of correct trials
across ALs. Before the task, trials were presented to subjects, but they were not given task instructions.
After the task, trials continued, but subjects were instructed to stop doing the task. Medial olivocochlear
(MOC) efferent activity was measured during the task and in the task ear using click-evoked otoacoustic
emission (CEOAEs). MOC effects were measured as the change in CEOAE magnitude (ACEOAE) from
the beginning to the end of each trial.
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Figure 1. Cochlear responses to sound are changed by auditory attention. Each line shows the change
in the click-evoked otoacoustic emission (CEOAE) magnitudes (ACEOAEs) that were produced by the
effects of medial olivocochlear (MOC) efferent activity during an auditory task (blue) and without an
auditory task (red). The thin lines show the mean ACEOAE and the shaded areas show 95% confidence
intervals (ci95s). An increase in ACEOAE indicates an increase in the effect of MOC activity on cochlear
responses to sound. Each small panel at left shows data from an individual subject. The text indicates the
subject number and test ear. Stars indicate the frequency region with the largest significant (p < 0.05)
increase in MOC effect during the task. Arrows along the horizontal axis show the tone-burst frequency
used for all experiments on that subject. The average ACEOAE across subjects is shown in the large panel
at right.
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Figure 2. MOC effects followed shifts in auditory attention. MOC effects are color coded by when the
data were collected: Red = before the auditory task (pre-task), blue = during the task, and green = after the
task (post-task), when subjects were instructed to stop doing the task. Error bars show ci95s. Stars
indicate significant differences between the point under the star to the point with the color of the star (p <
0.025).
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Figure 3. MOC effects increased as task difficulty increased. Task difficulty was set by changing the
tone-burst level difference, AL which changed the percentage of correct trials for each AL (open circles).
A smaller percent correct indicates a more difficult task. The filled circles show the corresponding MOC
effects for each AL. Dotted lines show linear fits to the data. Three of the five subjects had statistically
significant correlations between AL and MOC effect (s314: r = -1.00, p<0.001; s321: r = -0.97, p=0.03;
s326: r = -0.98, p=0.02). Subject 324 had a strong correlation that was near statistical significance (r = -
0.94, p=0.06). Subject 332, who participated only in these difficulty tests, showed a weak correlation,
though in the same direction as the other subjects (r= -0.46, p=0.54). Error bars show ci95s.
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Figure 4. Greater MOC activation enhanced auditory perception. White (or black) bars show MOC
effects during trials with correct (or incorrect) responses. ACEOAE values for each subject were
normalized by the mean value for correct and incorrect trials. Error bars show ci95s. Stars indicate
significant differences between the MOC effects in trials with correct and incorrect responses (individual
subject data: p < 0.05; subject average data: p < 0.001).
VI. Supplementary Materials
A. Full Methods
1. Methods Overview
We recorded human click-evoked otoacoustic emissions (CEOAEs) to measure changes in
cochlear mechanical responses produced by MOC activity that was elicited by noise and by the
performance of an auditory task. CEOAEs are low-level sounds recorded in the ear-canal and generated in
healthy cochleae. Changes in CEOAE magnitudes are attributed to MOC activity because (1) CEOAE
magnitudes are dependent on the gain of cochlear mechanical amplification2627 31, and (2) MOC activity
reduces cochlear gain 18,32. Sound-activated middle-ear-muscle (MEM) contractions are a potential
confound in the interpretation of CEOAE magnitude changes as originating from MOC activity. We
monitored MEM activity by the change in the peak amplitude of the clicks that elicit CEOAEs34
throughout our experiments, and rejected trials with such changes to ensure that MEM contractions did
not affect our results (explained further below). Sounds were presented and recorded using Etymotic
Research ERI Oc acoustic assemblies, and were digitally sampled at 25 kHz. The outputs from the ER 1Oc
were monitored and calibrated frequently throughout testing. Data were acquired and analyzed using
custom Labview and Matlab software. Experiments were conducted in a double-walled sound-attenuating
booth while subjects sat in a comfortable armchair.
2. Subjects
9 human subjects (aged 18-21 years; 2 male) participated in the experiments. All subjects had
normal audiograms (<15 dB re: ANSI pure-tone threshold at octave frequencies 0.5-8 kHz). Eight
subjects were recruited for the experiments with results shown in Figures 1 and 4. Only five of these
subjects were available for the post-tests used in Figure 2. Four of the original eight subjects, plus a new
subject, participated in the difficulty experiments of Figure 3.
3. Psychoacoustic Stimuli
Sounds were presented in blocks of 25 separate trials (Fig. S2) with inter-trial intervals of ~1
second. Each trial began with "click-interval I," which varied randomly between durations of 400-4000
ins, in 400 ms steps. CEOAEs were elicited during click-interval I using 80 ps rarefaction clicks
presented at 50 dB pSPL and a 40 Hz rate. Although clicks can elicit MEM and MOC activity, this click
rate and level were chosen because such clicks do not elicit substantial MEM or MOC activity34 . A 50 dB
SPL broad-band noise (0.1-10 kHz) began immediately following click-interval I, and lasted 1200 ms.
730 ms after the end of click-interval I and concurrent with the noise, we presented two 20 ms tone-
bursts, separated by 400 ms. Tone-burst frequencies ranged from 1.22-3.04 kHz across subjects and were
chosen to be at a frequency where CEOAE magnitudes were large. We refer to the mean level of the two
tone-bursts in a trial as the, pedestal level (P). The pedestal level was fixed for each block of 25 trials. For
a given block or set of blocks, P was randomly selected from -20, 40, 50, 60, 70 or 80 dB SPL.
For each block of trials, a fixed tone-burst level difference (AL) in dB was selected. On each trial
of the block, the level of each tone-burst was randomly selected to be P +AL/2 or P-AL/2. This gave 4
possible orders of tone-burst levels for a trial; two with the bursts at the same level, (P+AL/2, then
P+AL/2) and (P-AL/2, then P-AL/2), and two with the bursts at different levels, (P+AL/2, then P-AL/2)
and (P-AL/2, then P+AL/2). Across trials within a block, the average tone-burst level remained at P, the
pedestal level. Finally, a 375 ms time-window called, "click-interval II," began 25 ms after the off-set of
the noise. CEOAEs were elicited during click-interval II using the same click parameters as in click-
interval I.
4. Psychoacoustic Procedures
Subjects participated in two or three overall experimental conditions: (1) a pre-task condition,
which was always done first and before task instructions were given to subjects, (2) an auditory task
condition, and (3) a post-task condition, when subjects 314, 321, 323, 324 and 326 were instructed not to
do the task. During the pre-task and post-task conditions, AL was set to 0 dB. Data from the pre- and post-
task (if done) conditions were combined for the "no task," condition of Figure 1. 10-15 blocks were
typically collected for six pedestal levels (-20, 40, 50, 60, 70, 80 dB SPL) in the pre-task and task
conditions. 5-10 blocks were typically collected for 1-2 pedestals during the post-task condition. We did
not find any systematic differences between the results from different pedestals in any experiment, so
their data were combined for the analysis presented here.
During the task, subjects were instructed to respond by a button press at the end of each trial to
indicate if the two tone-bursts in the trial were the same or different. The same instructions were given for
all pedestal levels. After the button press, automated lights informed the subject of correct or incorrect
responses. We estimated the AL that yielded 84% correct responses (AL84) using a 4-down/i -up adaptive
procedure3 0 . An initial step size of 5 dB was reduced to 1 dB after the third reversal, and the threshold was
defined as the average of the last 10 of 12 reversals. Each AL84 estimation was typically followed by 5-
10 blocks of trials that used the AL84 and a fixed pedestal level. If the percent correct from a single block
was greater than 88% or less than 80%, then AL was decreased or increased, respectively by 1 dB. Since
the noise level was fixed throughout our experiments, the signal-to-noise ratio (SNR) during the task was
primarily determined by the ratio of the pedestal level to the noise level, although small variations in SNR
occurred across blocks of trials due to the previously described tone-burst level adjustments to achieve
84% correct for a given pedestal level.
In experiments done after those of Figures 1, 2 and 4, we manipulated the difficulty of the
auditory task using subjects 314, 321, 324, 326 and a new subject, 332. The pedestal level and noise were
fixed at 60 and 50 dB SPL, respectively. AL84 was estimated three times, and the three values were
averaged. The resulting AL84 was used for 4 difficulty levels, which were determined by setting AL to -6,
0, +6 and + 12 dB, relative to AL84. Subjects were told before the experiment that the difficulty of the task
would vary during testing. Difficulty levels were tested in a randomized order, and each level was tested
in at least 5 blocks of trials. Task difficulty was indicated by the percentage of correct trials in a block. To
increase the likelihood that low percentages of correct trials were not due to attentional lapses, task
engagement was positively reinforced by compensating subjects 10 cents for each correct trial.
All data were collected in repeated 30 minute sessions, with 5-10 minute breaks between
sessions. Subjects did practice trials for one hour at the beginning of the first task session. Practice data
were not included in the analysis. All parts of this study were performed in accordance with MEEI, MIT
and NIH guidelines for human studies.
5. Extraction and Analysis of CEOAEs
CEOAE extraction and analysis consisted of five steps: (1) waveform separation, (2) artifact
rejection, (3) CEOAE amplitude estimation, (4) CEOAE spectral analysis, and (5) CEOAE spectral
comparison. Step (1) began by separately extracting the data from two 375 ms time-windows from each
trial: the Reference-window and the Test-window. The Reference-window was at the beginning of each
trial, and the Test-window began 25 ms after the off-set of the noise. These time-windows were each
divided into 15 consecutive 25 ms time-periods that each began with a click. Within each time-period, the
CEOAE waveform was separated from the click waveform using a 21 ms raised-cosine time window (4-
25 ms; 2 ms rise and fall times).
During step (2), artifact rejection, we first analyzed the click waveforms, rather than the
CEOAEs. For each trial, we used a paired t-test to determine if the set of 15 clicks in the Reference
window had significantly different peak amplitudes than the set of 15 clicks in the Test-window (p<0.05).
Click peak amplitudes can be changed by the MEM contractions and by shifts of the acoustic assembly in
the ear canal". We rejected trials in which the click peak amplitudes were significantly different in the
Reference and Test-windows to ensure that MEM contractions and acoustic assembly shifts were not
sources of CEOAE magnitude changes. Less than 1% of all trials across subjects were rejected using this
test. In the remaining trials, CEOAE waveforms were then band-pass filtered 0.5-5 kHz to remove energy
outside of the frequency region of interest. CEOAE waveforms with magnitudes greater than 30 dB SPL
were rejected. Most outlying magnitudes were due to subject movement artifacts that were not rejected
during data acquisition.
Step (3), CEOAE amplitude estimation, began by binning the 15 CEOAE waveforms from each
of the Reference and Test windows into five epochs of three successive CEOAE waveforms. For each
trial the three waveforms in each epoch were synchronously averaged. Next, we combined the epochs
across the trials within each block of 25 trials. For most of our analyses, CEOAE waveforms in each
epoch were synchronously averaged across the trials in a block. The one exception was for the analysis of
CEOAEs in trials with correct and incorrect responses during the task: within each block, CEOAE
waveforms from correct and incorrect trials were synchronously averaged separately.
The combining across trials produced one CEOAE waveform average for each of the five
Reference-window epochs and each of the five Test-window epochs for each block of trials. These
waveform averages contained data from 3 * 25 = 75 CEOAE waveforms (or 3 * the number of correct or
incorrect trials in a block, which was typically 63 and 12 CEOAE waveforms, respectively, for an 84%
correct performance target). The combining across trials was done separately in the Reference and Test
windows, but the corresponding results from a given block of trails were kept together, which formed a
pair of Reference and Test-window results, each with CEOAE waveforms in five consecutive epochs.
During step (4), CEOAE frequency spectra were obtained by a filter-bank analysis (previously
described in Francis and Guinan, 2010) of the CEOAE waveforms in each epoch. In short, the CEOAEs
were filtered through 250 Hz-wide channels, each centered on frequencies spaced 250 Hz from 0.625-
4.875 kHz. Depending on the number of blocks for a given experimental condition, this typically resulted
in 5-90 CEOAE frequency spectra for each of the five epochs in both the Reference and Test time
windows.
In Step (5), we compared CEOAE spectra in the Reference-window and Test-window to obtain an
estimate of the CEOAE magnitude changes (ACEOAEs) which indicate the effects of MOC activity on
cochlear responses to sound. A primary consideration in comparing the data from the Reference-window
and Test-window was that MOC activity was expected to decay during the Test-window t , but to be
relatively constant throughout the Reference-window. We therefore averaged the spectral magnitudes
across the five epochs in the Reference time-window. This formed the set of Reference spectra. For the
Test-window, we varied the number of epochs used in spectral magnitude averaging, and the patterns that
we saw in our results did not change substantially. However, we found that using the first 4 epochs in the
Test time-widow produced the most systematic results, in part because ACEOAE had not fully decayed by
the 4 1h epoch for most subjects. Thus, we averaged the spectral magnitudes across the first four epochs in
the Test time-window. This formed the set of Test spectra. In total, one pair of Reference and Test spectra
was obtained for each block of trials. Each pair of these spectra were compared by finding the ratio of the
Reference spectrum to the Test spectrum (for each frequency bin) and converting the result to dB (or
equivalently, converting each spectrum to dB and taking the difference). For each subject, this process
yielded a set of 5-90 estimations (one per block of data) of the ACEOAE spectrum for each experimental
condition.
6. Determining Statistically Significant Differences between Experimental Conditions
To determine if ACEOAE values were different between experimental conditions to a statistically
significant degree, we used a bootstrap hypothesis test 6 . Given ACEOAEc, and ACEOAEc 2 (having
sample sizes of n and m, respectively), from conditions, CI and C2, we tested ACEOAEc, and
ACEOAEc 2 against the null hypothesis that they were drawn from a common distribution. Accepting the
null hypothesis implies that the MOC effect on CEOAEs was not statistically different between Cl and
C2. The hypothesis test began by taking the absolute value of the observed difference of means, DIFFob,
between ACEOAEc, and ACEOAEc 2. Next, we created the null distribution by pooling the individual
values of ACEOAEc, and ACEOAEc 2 (one per block of data). Two sample sets, x* and y*, of size n and
m, respectively, were randomly selected (with replacement) from the null distribution. The test statistic,
DIFF*, was computed from the absolute value of the difference of the means obtained from the x* and y*
* CEOAEs cannot be measured during the noise in the CEOAE measurement ear because the suppressive
effects of noise on the cochlea inhibit the generation of CEOAEs. Fortunately, the suppressive effects of
noise decay in milliseconds, while noise-driven MOC activity has a 25 ms off-set delay and decays with a
time-constant near 150 ms [29]. Thus, the decay of MOC activity elicited during the noise in a trial was
measured by the magnitudes of CEOAEs immediately following the noise, during the Test-window.
sample sets. We repeated the random selection of x* and y* from the null distribution and the calculation
of DIFF*, 10,000 times, to form a bootstrap distribution of DIFF*. Cl was taken to have a statistically
significant different mean than C2, if DIFF* was greater than DIFFob in less than 5% of the 10,000
bootstrapped values. This would mean that the probability was < 5% that ACEOAEc and ACEOAEc 2
came from a common distribution. Bonferroni corrections were used when more than two conditions were
simultaneously compared (Fig. 2). Error bars in all figures show bootstrapped 95% confidence intervals
for the mean in a given condition.
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Figure S1. Signal-flow diagram describing the measurements of click-evoked otoacoustic emissions
(CEOAEs) while the brain and the cochlea interacted to facilitate listening in noise. CEOAEs were
recorded during the task and in the task ear. The noisy acoustic environment interfered with the
perception of the tone-bursts. To reduce perceptual interference, cortical and sub-cortical inputs to medial
olivocochlear (MOC) neurons increased MOC efferent activity. This inhibited outer hair cell
electromotility, which reduced cochlear amplifier gain. As a result, cochlear responses to the noise were
reduced, auditory nerve sensitivity to changes in sound level was enhanced, perception of the tone-bursts
became clearer, and task performance improved2,19,36 . Because of the reduced cochlear gain, CEOAE
magnitudes were decreased.
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Figure S2. Stimulus presentation and analysis of CEOAEs. A. Clicks were presented before and after a
broad-band noise that was concurrent with two successive tone-bursts. Same or different tone-burst levels
were randomized across trials. B. 375 ms Reference- and Test-windows were analyzed in each trial. C.
CEOAE waveforms were extracted from the Reference and Test-windows using a 21 ms time-window. D.
CEOAE amplitudes were estimated by synchronously averaging CEOAE waveforms within blocks of
trials. E. CEOAE spectra were obtained by filter-bank analysis.
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Figure S3. A stylized psychometric function showing the relationship between the tone-burst level
difference (AL) and the percentage of trials done correctly. The difficulty of the auditory level
discrimination task was set by AL. For a given AL, the percentage of trials on which the subject's answer
was correct shows the task difficulty. We measured MOC effects at four difficulty levels. To do this, we
first estimated the AL that yielded 84% of the trials correct (AL84). and then subjects performed the task
with AL set to -6, 0, +6 and + 12 dB (in a randomized order) relative to AL84.
VII. References
1. Galambos, R. Studies of the Auditory System with Implanted Electrodes. Neural Mechanisms of the
Auditory and Vestibular Systems. ed. Rasmussen G. L. & Windle W. F. Springfield: Charles C.
Thomas. pp. 142-143 (1960).
2. Dewson, J.H., 3rd. Efferent Olivo-Cochlear Bundle: Some relationships to stimulus discrimination in
noise. J. Neurophysiol 31, 122-130 (1968).
3. Trahiotis, C. & Elliott, D.N. Behavioral investigation of some possible effects of sectioning the crossed
olivocochlear bundle. J. Acoust. Soc. Am 47, 592-596 (1970).
4. Froehlich, P., Collet, L. & Morgon, A. Transiently evoked otoacoustic emission amplitudes change with
changes of directed attention. Physiol. Behav 53, 679-682 (1993).
5. Scharf, B., Magnan, J. & Chays, A. On the role of the olivocochlear bundle in hearing: 16 case studies.
Hear. Res 103, 101-122 (1997).
6. Micheyl, C., Perrot, X. & Collet, L. Relationship between auditory intensity discrimination in noise
and olivocochlear efferent system activity in humans. Behav. Neurosci 111, 801-807 (1997).
7. Zeng, F.G, Martino, K.M., Linthicum, F.H. & Soli, S.D. Auditory perception in vestibular neurectomy
subjects. Hear. Res 142, 102-112 (2000).
8. Maison, S., Micheyl, C. & Collet, L. Influence of focused auditory attention on cochlear activity in
humans. Psychophysiology 38, 35-40 (2001).
9. May, B.J., Prosen, C.A., Weiss, D. & Vetter, D. Behavioral investigation of some possible effects of
the central olivocochlear pathways in transgenic mice. Hear. Res 171, 142-157 (2002).
10. Kumar, U.A. & Vanaja, C.S. Functioning of olivocochlear bundle and speech perception in noise. Ear
Hear 25, 142-146 (2004).
11. Delano, P.H., Elgueda, D., Hamame, C.M. & Robles, L. Selective attention to visual stimuli reduces
cochlear sensitivity in chinchillas. J. Neurosci 27, 4146-4153 (2007).
12. de Boer, J. & Thornton, A.R.D. Neural correlates of perceptual learning in the auditory brainstem:
efferent activity predicts and reflects improvement at a speech-in-noise discrimination task. J.
Neurosci 28,4929-4937 (2008).
13. Walsh, K.P., Pasanen, E.G & McFadden, D. Overshoot measured physiologically and
psychophysically in the same human ears. Hear. Res 268, 22-37 (2010).
14. Irving, S., Moore, D.R., Liberman, M.C. & Sumner, C.J. Olivocochlear efferent control in sound
localization and experience-dependent learning. J. Neurosci 31, 2493-2501 (2011).
15. Anddol, G et al. Auditory Efferents Facilitate Sound Localization in Noise in Humans. J Neurosci 31,
6759-6763 (2011).
16. Efron B, Tibshirani RJ. An Introduction to the Bootstrap. New York: Chapman and Hall. (1993).
17. Brown, M.C., de Venecia, R.K. & Guinan, J.J., Jr Responses of medial olivocochlear neurons.
Specifying the central pathways of the medial olivocochlear reflex. Exp Brain Res 153, 491-498
(2003).
18. Cooper, N.P. & Guinan, J.J., Jr Efferent-mediated control of basilar membrane motion. J. Physiol.
(Lond.) 576, 49-54 (2006).
19. Kawase, T., Delgutte, B. & Liberman, M.C. Antimasking effects of the olivocochlear reflex. II.
Enhancement of auditory-nerve response to masked tones. J. Neurophysiol 70, 2533-2549 (1993).
20. Mulders, W.H. & Robertson, D. Evidence for direct cortical innervation of medial olivocochlear
neurones in rats. Hear. Res 144, 65-72 (2000).
21. Vetter, D.E., Saldafia, E. & Mugnaini, E. Input from the inferior colliculus to medial olivocochlear
neurons in the rat: a double label study with PHA-L and cholera toxin. Hear. Res 70, 173-186
(1993).
22. Xiao, Z. & Suga, N. Modulation of cochlear hair cells by the auditory cortex in the mustached bat.
Nat. Neurosci 5, 57-63 (2002).
23. Atiani, S., Elhilali, M., David, S.V., Fritz, J.B. & Shamma, S.A. Task difficulty and performance
induce diverse adaptive patterns in gain and shape of primary auditory cortical receptive fields.
Neuron 61, 467-480 (2009).
24. Kemp, D.T. Stimulated acoustic emissions from within the human auditory system. J. Acoust. Soc.
Am 64, 1386-1391 (1978).
25. Francis, N.A. & Guinan, J.J., Jr Acoustic stimulation of human medial olivocochlear efferents reduces
stimulus-frequency and click-evoked otoacoustic emission delays: Implications for cochlear filter
bandwidths. Hear. Res 267, 36-45 (2010).
26. Zweig, G. & Shera, C.A. The origin of periodicity in the spectrum of evoked otoacoustic emissions. J.
Acoust. Soc. Am 98, 2018-2047 (1995).
27. Shera, C.A. & Guinan, J.J., Jr Evoked otoacoustic emissions arise by two fundamentally different
mechanisms: a taxonomy for mammalian OAEs. J. Acoust. Soc. Am 105, 782-798 (1999).
28. Veuillet, E., Collet, L. & Duclaux, R. Effect of contralateral acoustic stimulation on active cochlear
micromechanical properties in human subjects: dependence on stimulus variables. J.
Neurophysiol 65, 724-735 (1991).
29. Backus, B.C. & Guinan, J.J., Jr. Time-course of the human medial olivocochlear reflex. J. Acoust.
Soc. Am 119, 2889-2904 (2006).
30. Levitt, H. Transformed up-down methods in psychoacoustics. J. Acoust. Soc. Am 49, Suppl 2:467+
(1971).
31. Kalluri, R. & Shera, C.A. Near equivalence of human click-evoked and stimulus-frequency
otoacoustic emissions. J. Acoust. Soc. Am 121, 2097-2110 (2007).
32. Murugasu, E. & Russell, I.J. The effect of efferent stimulation on basilar membrane displacement in
the basal turn of the guinea pig cochlea. J. Neurosci 16, 325-332 (1996).
33. Warren, E.H., 3rd & Liberman, M.C. Effects of contralateral sound on auditory-nerve responses. I.
Contributions of cochlear efferents. Hear. Res 37, 89-104 (1989).
34. Guinan, J.J., Jr, Backus, B.C., Lilaonitkul, W. & Aharonson, V. Medial olivocochlear efferent reflex in
humans: otoacoustic emission (OAE) measurement issues and the advantages of stimulus
frequency OAEs. J. Assoc. Res. Otolaryngol 4, 521-540 (2003).
35. Jennings, S.G., Heinz, M.G. & Strickland, E.A. Evaluating adaptation and olivocochlear efferent
feedback as potential explanations of psychophysical overshoot. J. Assoc. Res. Otolaryngol 12,
345-360 (2011).
36. Guinan, J.J., Jr. Olivocochlear efferents: anatomy, physiology, function, and the measurement of
efferent effects in humans. Ear Hear 27, 589-607 (2006).
37. Zekveld, A.A., Kramer, S.E. & Festen, J.M. Pupil response as an indication of effortful listening: the
influence of sentence intelligibility. Ear Hear 31, 480490 (2010).
38. Kahneman, D. & Beatty, J. Pupillary responses in a pitch-discrimination task. Perception &
Psychophysics 2, 101-105 (1967).
Chapter 3: Task-Dependent Medial Olivocochlear Efferent Activity during
Auditory Level Detection and Discrimination
1. Introduction
Transient sounds are ubiquitous in our environment, and their acoustic features carry information
used for the detection and discrimination of speech and other behaviorally relevant sounds (Cole et al,
1978; Delgutte & Kiang, 1984; Kidd et al, 2009). However, in many acoustic contexts, background noise
interferes with accurate perception. A source of this perceptual interference (i.e., masking) occurs when
the frequency spectra of the noise and transient sound overlap (Glasberg et al, 2001). In that case, the
noise excites the cochlear frequency region of the transient sound, which compresses the dynamic range
of cochlear responses to the transient sound (Winslow & Sachs, 1987; Kawase et al, 1993). This reduces
auditory sensitivity and contributes to the deterioration of detection and discrimination thresholds.
It has been hypothesized that the reduction of cochlear amplifier gain by medial olivocochlear
(MOC) efferent activity might enhance masked auditory detection and discrimination by expanding the
dynamic range of cochlear responses to transient sounds (Dewson, 1968; Neider & Neider, 1970;
Winslow & Sachs, 1988; Liberman, 1988; Kawase et al. 1993: Strickland. 2001; Guinan, 2006). Several
studies evaluating auditory task performance after disabling MOC efferents have shown perceptual
deficits in pure-tone or speech detection and discrimination (Dewson, 1968; Trahiotis & Elliot, 1970;
May & McQuone, 1995; Heinz et al, 1998; Giraud et al, 1997; Zeng et al, 2000), while others have not
(Igarashi et al 1979b; Scharf et al, 1997; May et al, 2002). Delano et al (2007) recorded the cochlear
microphonic, which is an indicator of MOC activity, during an auditory frequency discrimination task,
but did not find any auditory task-dependent changes. A common source of the negative findings in these
studies is that auditory perception of the stimuli used for the auditory tasks may not be expected to receive
a benefit from MOC activity, considering results from studies of auditory-nerve activity (Kawase et al,
1993; Zeng, 2000; Guinan, 2006).
In humans, otoacoustic emissions (OAEs) have been used to explore the functional significance
of MOC efferent activity. OAEs are low-level sounds that originate in the cochlea (Zweig & Shera, 1993)
and can be recorded in the ear-canal (Kemp, 1983). OAE magnitudes are dependent on cochlear amplifier
gain (Zweig & Shera, 1993; Shera & Guinan, 1999; Kalluri & Shera, 2007), and MOC activity reduces
cochlear amplifier gain (Mountain, 1980; Murugasu & Russell, 1996; Cooper & Guinan, 2006). This
makes OAEs useful tools for analyzing MOC activity because decreased OAE magnitudes indicate
increased MOC activity. Micheyl & Collet (1996) and Micheyl et al (1997) found small, but significant,
correlations between noise-driven (i.e., reflexive) MOC effects on OAEs and the changes in masked
detection and discrimination thresholds during, what was presumed to be, increased MOC activity in the
task ear. This result is supported by de Boer & Thornton (2008) who found decreased OAE magnitudes,
and therefore, presumably, increased MOC activation as subjects learned a masked speech discrimination
task. Kumar and Vanaja (2004) measured masked speech intelligibility using five signal-to-noise ratios
(SNRs; quiet, +10, +15 and +20 dB). They found a positive correlation between MOC effects on OAEs
and task performance, but only for +10 and + 15 dB SNRs. However, many other studies have failed to
find a relationship between reflexive MOC activity and auditory task performance (e.g., de Boer &
Thorton, 2007; Wagner, 2008; Harkrider & Bowers, 2009).
Most of the above OAE studies administered the task and recorded OAEs at different times, and
they elicited or increased MOC activity by presenting noise opposite the task ear. A study in which only
reflexive MOC effects are elicited, and measured at a different time than the task, cannot determine if the
task causes a change in MOC activity during the task. Despite this limitation, an overall consideration of
these studies finds support for MOC activity providing a benefit to listening for transient sounds in noise.
However, none of those studies showed that doing an auditory task causes an increase in MOC activity
that produces a perceptually beneficial change in cochlear operation measured during the auditory task. In
the previous chapter, we presented data from a novel experimental paradigm that used OAEs to non-
invasively measure MOC effects on the human cochlea during an auditory task, and in the task ear. Those
results showed, for the first time, that MOC activity was auditory task-dependent, increased with task
difficulty, and produced a perceptual benefit. Here, we explore using a more diverse set of experimental
conditions, the circumstances that bring about increased MOC activity. Specifically, we explore the long-
standing hypothesis that the amount of task-dependent MOC activity is determined by the signal-to-noise
(SNR) ratio of transient sounds in a noisy background. Our results clearly show that auditory detection
and discrimination tasks in noise cause a change in MOC activity, however, the SNR dependence of MOC
activity during an auditory task may be more subtle than previously hypothesized.
II. Methods
A. Methods overview
We recorded human click-evoked otoacoustic emissions (CEOAEs) to measure changes in
cochlear mechanical responses produced by MOC activity that was elicited by noise and by the
performance of an auditory task. CEOAEs are low-level sounds recorded in the ear-canal and generated in
healthy cochleae. Changes in CEOAE magnitudes are attributed to MOC activity because (1) CEOAE
magnitudes are dependent on cochlear amplifier gain (Zweig & Shera, 1993; Shera & Guinan, 1999;
Kalluri & Shera, 2007), and (2) MOC activity reduces cochlear amplifier gain (Mountain, 1980;
Murugasu & Russell, 1996; Cooper & Guinan, 2006). Sound-activated middle-ear-muscle (MEM)
contractions are a potential confound in the interpretation of CEOAE magnitude changes as originating
from MOC activity. Throughout our experiments, we monitored MEM activity by the change in the peak
amplitude of the clicks that elicit CEOAEs (Guinan et al, 2003), and we rejected trials with such changes
to ensure that MEM contractions did not affect our results (explained further below). Sounds were
presented and recorded using Etymotic Research ER10c acoustic assemblies, and were digitally sampled
at 25 kHz. The outputs from the ER I Oc were monitored and calibrated frequently throughout testing. Data
were acquired and analyzed using custom Labview and Matlab software. Experiments were conducted in
a double-walled sound-attenuating booth while subjects sat in a comfortable armchair.
B. Subjects
13 human subjects (aged 18 - 26 years; 4 male) participated in our experiments. 16 subjects were
initially screened and 3 were rejected because they could not stay awake or sit still during the experiment.
All subjects had normal audiograms (<15 dB re: ANSI pure tone threshold at octave frequencies 0.5-8
kHz). Eight subjects were recruited together (s314, s317, s319, s320, s321, s323, s324 and s326), and
tested on the same stimulus set for the results shown in Figures 1 A, 1 B, and 2 to 6. Five more subjects
were subsequently recruited (s327, s332, s333, s334, and s335) and tested in new experiments, or with
subsets of our previous experiments. Their data were plotted with the original 8 subjects when the same
experimental conditions were tested (figures IC, 3, 4, 7 and 8).
C. Psychoacoustic Stimuli
Sounds were presented in blocks of 25 separate trials with inter-trial intervals of approximately I
second. Each trial began with "click-interval I," which varied randomly between durations of 400 - 4000
ins, in 400 ms steps. CEOAEs were elicited during click-interval I using 80 ps rarefaction clicks
presented at 50 dB pSPL and a 40 Hz rate. Although clicks can elicit MEM and MOC activity, this click
rate and level were chosen because such clicks do not elicit substantial MEM or MOC activity (Veuillet et
al, 1991; Guinan et al, 2003). During experimental conditions with noise (which was all experiments
except for the "No Noise" conditions in Figure 8), a 50 dB SPL broad-band noise (0.1-10 kHz) began
immediately following click-interval I, and lasted 1200 ins. In two subjects, the noise had a 0.4 kHz-wide
spectral notch centered on the tone-burst frequency (s326: 3.04 kHz; s327: 1.21 kHz). The notch was
approximately 40 dB down from the unfiltered noise spectrum in the 0.1 - 10 kHz region. 730 ms after
the end of click-interval I and concurrent with the noise, we presented two consecutive 20 ms tone-bursts,
separated by 380 ins. Tone-burst frequencies ranged from 1.1 - 3.08 kHz across subjects and were chosen
to be at a frequency where CEOAE magnitudes were large. We refer to the mean level of the two tone-
burst in a trial as the, pedestal level (P). The pedestal level was fixed for each block of 25 trials. For a
given block or set of blocks, P was randomly selected from No Pedestal (NP), 40, 50, 60, 70 or 80 dB
SPL.
For each block of trials, a fixed tone-burst level difference (AL) in dB was selected. On each trial
of the block, the level of each tone-burst was randomly selected to be P +AL/2 or P-AL/2. This gave 4
possible orders of tone-burst levels for a trial; two with the bursts at the same level (P+AL/2, then
P+AL/2) and (P-AL/2, then P-AL/2) and two with the bursts at different levels (P+AL/2, then P-AL/2) and
(P-AL/2, then P+AL/2). Across trials within a block, the average tone-burst level remained at P, the
pedestal level. Finally, a 375 ms time-window called, "click-interval II," began 75 ins after the off-set of
the second tone-burst (i.e., 25 ins after the noise, if present). CEOAEs were elicited during click-interval
II using the same click parameters as in click-interval 1.
D. Psychoacoustic Procedures
All subjects participated in a pre-task condition and in an auditory task condition. The pre-task
condition was always done first, before any task instructions were given to subjects. Subjects 321 and 326
also participated in a post-task condition, in which they were instructed not to do the task. During the pre-
task and post-task conditions, AL was set to 0 or 14 dB. 10-15 blocks were typically collected for all six
pedestal levels, in both the pre-task and task conditions for subjects 314, 317, 319, 320, 321, 323, 324 and
326. The post-task and task conditions were repeatedly alternated 3 times for subject 321 and 326. After
their first task condition, 5-10 blocks were typically collected for 1-2 pedestals during the subsequent
post-task and task conditions. Subjects 327, 332, 333, 334 and 335 were also typically tested using 5-10
blocks per condition, using 1-2 pedestals.
During the task, subjects were instructed to respond by a button press at the end of each trial to
indicate if the two tone-bursts in the trial were the same or different. After the button press, automated
lights informed the subject of correct or incorrect responses. When the 40-80 dB SPL pedestal levels were
presented, the task was an auditory level discrimination. We tested the exact same paradigm, but with no
pedestal (NP), which created an auditory detection task. The same instructions were given for all pedestal
levels. We estimated the threshold for discrimination (AL) or detection (5) that yielded a task performance
target of 72% or 84% correct trials (AL72 and 672, or AL84 and 584, respectively) using either a 2-
down/1-up or a 4-down/1-up adaptive procedure (Levitt, 1971). An initial step size of 5 dB was reduced
to 1 dB after the third reversal, and threshold was defined as the average of the last 10 of 12 reversals.
Each estimation was typically followed by 5-10 blocks of trials that used AL72, AL84 , 672 or 684. If the
percent correct from a single block was greater than 88% or less than 80%, for the AL84 and 684
performance targets, then AL was decreased or increased, respectively by I dB. The same adjustment was
applied for testing AL72 and 672. Since the noise level was fixed throughout our experiments, the signal-
to-noise ratio (SNR) during the task was primarily determined by the ratio of the pedestal level to the
noise level, although small variations in SNR occurred across blocks of trials due to the previously
described tone-burst level adjustments to achieve the performance-target for a given pedestal level.
All data were collected in repeated 30 minute sessions, with 5-10 minute breaks between
sessions. Subjects did practice trials for one hour at the beginning of the first task session. Practice data
were not included in the analysis. All parts of this study were performed in accordance with MEEI, MIT
and NIH guidelines for human studies.
E. Extraction and Analysis of CEOAEs
CEOAE extraction and analysis consisted of five steps: (1) waveform separation, (2) artifact
rejection, (3) CEOAE amplitude estimation, (4) CEOAE spectral analysis, and (5) CEOAE spectral
comparison. Step (1) began by separately extracting the data from two 375 ins time-windows from each
trial: the Reference-window and the Test-window. The Reference-window was at the beginning of each
trial, and the Test-window began 25 ms after the off-set of the noise, or if there was no noise, 75 ms after
the second tone burst. These time-windows were each divided into 15 consecutive 25 ms time-periods
that each began with a click. Within each time-period, the CEOAE waveform was separated from the
click waveform using a 21 ms raised-cosine time window (4-25 ms; 2 ms rise and fall times).
During step (2), artifact rejection, we first considered the click waveforms, rather than the
CEOAEs. For each trial, we used a paired t-test to determine if the set of 15 clicks in the Reference
window had significantly different peak amplitudes than the set of 15 clicks in the Test-window (p<0.05).
Click peak amplitudes can be changed by the MEM contractions and by shifts of the acoustic assembly in
the ear canal (Guinan, 2006). We rejected trials in which the click peak amplitudes were significantly
different in the Reference and Test-windows to ensure that MEM contractions and acoustic assembly
shifts were not sources of CEOAE magnitude changes. Less than 1% of all trials across subjects were
rejected using this test. In the remaining trials, CEOAE waveforms were then band-pass filtered 0.5-5
kHz to remove energy outside of the frequency region of interest. CEOAE waveforms with magnitudes
greater than 30 dB SPL were then rejected. Most outlying magnitudes were due to subject movement
artifacts that were not rejected during data acquisition.
Step (3), CEOAE amplitude estimation, began by binning the 15 CEOAE waveforms from each
of the Reference and Test windows into five epochs of three successive CEOAE waveforms. For each
trial the three waveforms in each epoch were synchronously averaged. Next, we combined the epochs
across the trials within each block of 25 trials. CEOAE waveforms in each epoch were synchronously
averaged across the trials in a block. The combining across trials produced one CEOAE waveform
average for each of the five Reference-window epochs and each of the five Test-window epochs for each
block of trials. These waveform averages contained data from 3 * 25 = 75 CEOAE waveforms. The
combining across trials was done separately in the Reference and Test windows, but the corresponding
results from a given block of trails were kept together, which formed a pair of Reference and Test-window
results, each with CEOAE waveforms in five consecutive epochs.
During step (4), CEOAE frequency spectra were obtained by a filter-bank analysis (previously
described in Francis and Guinan, 2010) of the CEOAE waveforms in each epoch. In short, the CEOAEs
were filtered through 250 Hz-wide channels, each centered on frequencies spaced 250 Hz from 0.625-
4.875 kHz. Depending on the number of blocks for a given experimental condition, this typically resulted
in 5-90 CEOAE frequency spectra for each of the five epochs in both the Reference and Test time
windows.
In Step (5), we compared CEOAE spectra in the Reference-window and Test-window to obtain an
estimate of the CEOAE magnitude changes (ACEOAEs) which indicate the effects of MOC activity on
cochlear responses to sound. A primary consideration in comparing the data from the Reference-window
and Test-window was that MOC activity was expected to decay during the Test-window+, but to be
+ CEOAEs cannot be measured during the noise in the CEOAE measurement ear because the suppressive
effects of noise on the cochlea prevent the generation of CEOAEs. Fortunately, the suppressive effects of
noise decay in milliseconds, while noise-driven MOC activity has a 25 ms off-set delay and decays with a
relatively constant throughout the Reference-window. We therefore averaged the spectral magnitudes
across the five epochs in the Reference time-window. This formed the set of Reference spectra. For the
Test-window, we varied the number of epochs used in spectral magnitude averaging, and the patterns that
we saw in our results did not change substantially. However, we found that using the first 4 epochs in the
Test time-widow produced the most systematic results, in part because ACEOAE had not fully decayed by
the 4 th epoch for most subjects. Thus, we averaged the spectral magnitudes across the first four epochs in
the Test time-window. This formed the set of Test spectra. In total, one pair of Reference and Test spectra
was obtained for each block of trials. Each pair of these spectra were compared by finding the ratio of the
Reference spectrum to the Test spectrum (for each frequency bin) and converting the result to dB (or
equivalently, converting each spectrum to dB and taking the difference). For each subject, this process
yielded a set of 5-90 estimations (one per block of data) of the ACEOAE spectrum for each experimental
condition.
F. Determining Statistically Significant Differences between Experimental Conditions
To determine if ACEOAE values were different between experimental conditions to a statistically
significant degree, we used a bootstrap hypothesis test (Efron & Tibshirani, 1993). Given ACEOAEc1 and
ACEOAEc 2 (having sample sizes of n and m, respectively), from conditions, CI and C2, we tested
ACEOAEci and ACEOAEc 2 against the null hypothesis that they were drawn from a common
distribution. Accepting the null hypothesis implies that the MOC effect on CEOAEs was not statistically
different between Cl and C2. The hypothesis test began by taking the absolute value of the observed
difference of means, DIFFob, between ACEOAEci and ACEOAEc 2. Next, we created the null distribution
by pooling the individual values of ACEOAEc, and ACEOAEc 2 (one per block of data). Two sample sets,
x* and y*, of size n and m, respectively, were randomly selected (with replacement) from the null
distribution. The test statistic, DIFF*, was computed from the absolute value of the difference of the
means obtained from the x* and y* sample sets. We repeated the random selection of x* and y* from the
null distribution and the calculation of DIFF*, 10,000 times, to form a bootstrap distribution of DIFF*.
Cl was taken to have a statistically significant different mean than C2, if DIFF* was greater than DIFFOb
in less than 5% of the 10,000 bootstrapped values. This would mean that the probability was < 5% that
time-constant near 150 ms (Backus & Guinan, 2007) Thus, the decay of MOC activity elicited during the
noise in a trial was measured by the magnitudes of CEOAEs immediately following the noise, during the
Test-window.
ACEOAEci and ACEOAEc2 came from a common distribution. The same statistical test was used to
determine statistically significant differences in the psychoacoustic data. Error bars in all figures show
bootstrapped 95% confidence intervals for the mean in a given condition.
IIl. Results
A. Auditory task performance
All subjects participated in psychoacoustic tasks that required a response indicating if two tone-
bursts embedded in acoustic noise were the same or different (see methods). Eight subjects (s314, s317,
s320, s321, s323, s324 and s326) were repeatedly tested using six pedestal levels and a task performance
target of 84% correct. For the 40, 50, 60, 70 and 80 dB SPL pedestal levels, subjects did an auditory level
discrimination task. The mean discrimination thresholds, ordered by increasing pedestal level, were 12.9,
15.1, 14.5, 11.6 and 9.0 dB (figure lA). There was a statistically significant 6 dB difference in AL
between the 50 and 80 dB SPL pedestal levels (p=0.00 8 ). The ALs that we used during our task were
larger than the ALs usually reported for similar auditory level discrimination tasks (Fastl, 1976; Neff &
Jesteadt, 1996; Baer et al, 1999). This difference may be accounted for by our use of a same-different
paradigm in combination with an 84% performance target and brief (20 ms) tone-bursts: same-different
paradigms are believed to be more difficult than the commonly used two-interval forced choice task (i.e.,
a lower percent correct for the same AL discrimination; MacMillan & Creelman, 2005), and 20 ms tone-
bursts tend to require larger ALs than longer duration tone-bursts (Fastl, 1976; Baer, 1999). We also tested
the exact same paradigm with no pedestal (NP), which created an auditory detection task. The mean
detection threshold (6) across subjects was 45.5 dB SPL. In contrast to our mean ALs, our mean 6 was
consistent with previous reports (Neff & Jesteadt, 1996; Baer et al, 1999). Figure 1 B shows that the
percent correct averaged across subjects was near 84% correct for each pedestal level and for NP.
Figure IC summarizes the psychoacoustic results for the eight subjects in Figures lA-B, along
with five additional subjects who were tested using 1-2 pedestals in the discrimination task. For each
subject, the psychoacoustic data were averaged across pedestal levels. Nine of the thirteen subjects had
performances that were not significantly different than 84% correct (p>0.05). Subjects 317, 319, 320 and
334 had significantly less than 84% of correct trials (p<0.05). The averages across all subjects for
percentage correct and AL were 82.5% and 11.6 dB, respectively. Within each subject, a primary source of
AL variability was our performance-dependent adjustment of AL: if the percent correct from a single
block of trials was greater than 88% or less than 80%, then AL was decreased or increased by I dB,
respectively. There was no significant correlation across subjects between AL and the percentage of
correct trials (r- -0.07, p = 0.812).
B. MOC activity during auditory detection and discrimination
We measured CEOAE magnitude changes (ACEOAE) caused by MOC activity during the
performance of auditory tasks in noise. Increases in ACEOAE indicate larger MOC effects. In the eight
subjects who were tested at all six pedestal levels, ACEOAEs were larger, on average, during the auditory
task than without a task (figure 2). The stimulus timing, noise level and average tone-burst levels were the
same during trials with and without the auditory task (see Methods). Therefore, the increase in MOC
activity can be attributed to auditory attention during the task. The task-dependent increases were
significant for individual pedestal levels in six of the eight subjects (p<0.05). On average across subjects,
there were significant task-dependent increases in MOC activity at all pedestal levels (p<0.05). Our
subjects did not have large noise-driven MOC responses, as indicated by the small ACEOAEs without a
task. In our experiments, the signal-to-noise ratio (SNR) during the task was primarily determined by the
ratio of the pedestal level to the noise level. The task-dependent MOC activity did not systematically vary
as the SNR increased (i.e., as the pedestal level increased), so ACEOAEs were combined across pedestals
for subsequent analysis.
To investigate possible differences in MOC activity during the auditory discrimination vs.
detection tasks, we combined ACEOAE across the 40-80 dB SPL pedestals levels (discrimination task),
and compared this against ACEOAEs measured when no pedestal (NP) was present (detection task).
Figure 3 shows that ACEOAE was strongly correlated across subjects for detection and discrimination
tasks (r=0.95, p<0.001), and a linear regression on the data had a near unity slope of 1.05. Therefore,
MOC activity was similar for discrimination vs. detection tasks. Correspondingly, the average across
subjects did not show a significant difference between discrimination and detection tasks (p>0.05).
Figure 4 summarizes the MOC activity for each subject, with and without a task, after combining
data across all pedestals (NP and 40-80 dB SPL pedestals). The diagonal line signifies equal MOC
activity with or without a task. In all subjects, ACEOAE was greater, on average, during the task, as
shown by the skew of the data away from the diagonal and toward the task-axis. Subject 334 (green open
circle in figure 4) had the worst task performance of all subjects (an average of 77.8 % correct), and the
smallest MOC effects. A linear regression on the Task vs. No-Task data did not fit well between the two
sets of data (R2=.29), indicating that the noise-driven MOC activity was not a good predicator of the task-
dependent MOC activity. The average across subjects indicates that MOC effects were significantly
greater than zero with and without a task (p<0.001 and p=0.041, respectively), and that MOC effects were
significantly greater during the task than without a task (p=0.002). The mean of task-dependent
ACEOAEs across left ears (1.89 dB; n=3) was greater, but not significantly different (p = 0.06) than right
ears (0.91 dB; n=10).
We looked for correlations among a variety of task-related variables and found only a few that
were statistically significant. We did not find strong or significant correlations across subjects between
task-dependent ACEOAEs, noise-driven ACEOAEs, percent correct, or AL (table 1). However, as a group,
the 4 subjects whose task performance was significantly less than 84% correct had significantly smaller
ACEOAEs than subjects whose performance was not significantly different than 84% (figure 5). This
suggests that subjects who performed better had more MOC activity during the auditory task, but the
effect of task-frequency (i.e., tone-burst frequency) may have also determined the amount of MOC
activity, since the < 84% correct group only had subjects who did the task below 2 kHz (s317, s319, s320
and s334). During our initial procedures, we chose the tone-burst frequency to be either above or below 2
kHz (n=4 and 9, respectively). The mean across subjects of task-dependent ACEOAEs for frequencies
above 2 kHz (1.9 dB) was significantly different (p=0.0 2 ) than task-dependent ACEOAEs for frequencies
below 2 kHz (0.79 dB). Furthenrore, when the 84% correct group was divided into two groups with tone-
burst frequencies less than or greater than 2 kHz, ACEOAE was greatest, on average, for the group with
tone-burst frequencies greater than 2 kHz (figure 5), though the group mean was only significantly
different than the <84% correct group (p=0.027). The subjects in the 84% correct group with tone-burst
frequencies less than 2 kHz had larger ACEOAEs, on average, than the <84% group, though the
difference was not significant (p=0.082). Considering all four groups in figure 5, percent correct during
the task was strongly correlated with ACEOAE, and nearly statistically significant (r-0.95, p=0.054). In
summary, these results suggest that auditory perception of task frequencies greater than 2 kHz may
benefit more from increased MOC activity than task frequencies below 2 kHz.
C. The decay of MOC activity during an auditory task
We measured ACEOAE in 75 ms increments during a 375 ms "Test" time-window that began 25
ms after the noise. These data allowed us to measure the decay of MOC activity following the tone-bursts
and noise. Figure 6 shows that, on average, ACEOAE was usually greatest for the first 75 ms of the Test
time-window, and tended to decrease afterward, though the time-course of decay was quite heterogeneous
across subjects. Without a task, the decay was nearly complete by 375 ms, but with a task, the decay was
often not complete, and it was almost always greater than without the task throughout the entire
measurement window. Subject 334 was an anomalous subject, in that MOC effects appear to be absent,
however, recall that this was the subject who had the worst task performance (77.8% correct). These data
indicate that an auditory task usually extends the time-course of the decay of MOC activity.
D. The influence of task instructions on MOC activity
For subjects 321 and 326, ACEOAE was measured before the task (pre-task), during the task and
after the task (post-task) when they were instructed to stop doing the task. The task and post-task
conditions were consecutively repeated three times, and concluded with an additional 4th task condition.
The result was an oscillatory pattern in ACEOAE for both subjects, across the pre-task, task and post-task
conditions (Fig. 7). For subject 326, task-performance always significantly increased ACEOAE (p<0.05),
and instructions not to perform the task always significantly decreased ACEOAE, relative to the previous
task condition (p<0.05). For subject 321, pre-task ACEOAEs were significantly smaller than during the
first task (p<0.001), and the first post-task condition had significantly smaller ACEOAEs than in the first
task condition (P=0.017). The average value of ACEOAE then increased for the second task and
decreased during the subsequent post-task, although the changes were not statistically significant (post-
task 1 vs. task 2: p= 0.15; task 2 vs. post-task 2: p=O. 16). Subsequent increases and decreases during tasks
and post-tasks, respectively, were all significant (p<0.05). It is important to note that tasks 1 and 2 for
each subject in figure 7 were auditory level discriminations, however, tasks 3 and 4 for both subjects were
during days in which different experiments and tasks were interweaved. Thus, trends in ACEOAE across
task conditions do not indicate systematic changes because the tasks were not the same. It is the
oscillatory pattern between task and post-task that is most important here, since the post-task conditions
all had stimuli similar to the prior task condition, but subjects were instructed not to do the task. These
results indicate that changes in MOC effects were synchronized with changes in task instructions.
E. Variation of auditory task-dependent MOC activity with changes in acoustic context
Subjects 326 and 327 were presented with interleaved blocks of trials in the auditory level
discrimination task that used broad-band noise and notched noise. The notch was 400 Hz-wide and
centered on the task frequency. Subject 327 was also presented with trials, without a task, that used both
noise-types. Subject 326 was only tested without a task in broad-band noise. Each time the experiment
was done, both acoustic contexts were tested in the same day using a AL that was set to yield 84% correct
performance in each acoustic context (Fig. 8, top and middle rows). In both subjects, ACEOAE was
greatest, on average, for the task in broad-band noise and smaller for the notched noise, though the
differences were not statistically significant (327: p-0.74 ; 326: p=0.1). For each noise-type that was
present in a given subject, ACEOAEs were significantly greater with than without a task (p<0.05 ).
We also investigated how ACEOAE might change when an auditory task was done without noise,
since MOC activity is not believed to benefit detection or discrimination of tone-bursts in quiet. In
subjects 327, 326 and 317 the discrimination task was done without noise. For subjects 326 and 327, AL
was set to yield 84% correct performance. For subject 317, AL was set to yield 72% correct performance.
In subjects 321 and 314, the detection task was done without noise, using a 6 that was set to yield 72%
correct performance. Since there was no significant difference between the MOC effects with broad-band
and notched noise, data from both noise-types were pooled to compare with the no noise conditions in
subjects 327 and 326.
We found that ACEOAE was always less during the tasks without noise than the tasks with noise.
In three of the five subjects the difference was significant (s327: p=0.017; s326: p=. 0.002; s321:
p=0.005; s314: p=0.971; s317: p=0.175). The difference was statistically significant on average across all
five subjects (p=0.032). Subject 327 also participated in a condition without noise or a task. In that case,
ACEOAE was not significantly different than zero (p=0.80). This last result acts as a control, since no
MOC activation is expected without a task and without noise.
IV. Discussion
A. Summary
Our results clearly show that performance of an auditory task in noise caused increases in MOC
effects beyond the noise-driven (i.e., reflexive) MOC effects without a task. However, there was great
variability across subjects in the amount of auditory-task-dependent MOC activity. Part of this variability
came from the distribution of task frequencies across subjects, because there tended to be more MOC
activity when the tone-bursts were presented above 2 kHz. As a group, subjects who reached the 84%
correct performance target had greater MOC effects than subjects who failed to reach the performance
target, although all of the subjects in the latter group had tone-burst frequencies below 2 kHz.
We investigated MOC effects during multiple auditory tasks and acoustic contexts and found that
the task-dependent MOC effects did not show any systematic changes with SNR (i.e, with the pedestal-to-
noise ratio for a fixed noise level), task frequency, and task performance target. MOC effects were similar
for detection and discrimination tasks. Noise-driven MOC activity without a task was not a good
predictor of the MOC effects during the task. Furthermore, we found repeatable changes in MOC activity
that were dependent on changes in task instructions. Finally, we found that task-dependent MOC activity
adapted to changing acoustic contexts, e.g. to the presence or absence of noise.
B. Methodological Considerations
Since cochlear mechanical responses largely determine auditory nerve (AN) firing (Ruggero et al,
1992; Narayan et al, 1998; Temchin et al, 2008a), and ANs carry the information used in auditory
perception, our results imply that AN signals are auditory task-dependent, by way of MOC effects on
cochlear mechanics. However, our methods do not provide a quantification of the relationship between
ACEOAE and changes in AN firing. Such quantification requires measuring ACEOAE and AN firing in
the same human or animal. Puria et al (1996) found, in cats, that MOC effects on compound action
potentials were equal to or larger (up to 10 dB larger) than on distortion-product otoacoustic emissions
(DPOAEs). DPOAEs arise from different sources than CEOAEs (Shera & Guinan, 1999), however, with
appropriate DPOAE source umixing (Kalluri & Shera, 2001; Henin S., et al, 2011), DPOAEs and
CEOAEs are reduced by reflexive MOC activity. The data from Puria et al (1996) suggest that reflexive
MOC effects in awake humans are comparable or greater than in lightly anaesthetized animals, and we
found that auditory tasks caused increases in human MOC activity beyond the reflexive effects. Thus, it is
likely that the small, but systematic MOC effects we have observed in CEOAEs are larger in the AN,
which may help in understanding how MOC effects are relevant to auditory perception.
Our repeated observation of task-dependent MOC activity can be attributed to several
methodological choices: (1) our use of auditory task stimuli that were expected to receive a benefit from
MOC activity, considering results from studies of auditory-nerve activity (Winslow & Sachs, 1987;
Kawase et al, 1993), (2) measurement of CEOAEs during the task and in the task ear, (3) presentation of
noise in the CEOAE measurement ear, and (4) the use of a quantitatively well defined psychoacoustic
task. However, these choices imposed some limitations, and improvements could be made. For example,
with noise in the CEOAE measurement ear, CEOAEs could not be measured during the noise, which is
when MOC activity is expected to be greatest. Thus, the MOC effects that we measured may not
represent the maximum MOC effects either with or without a task. Our measurement window for MOC
effects began 25 ms after the noise, but it could have begun closer to the noise. Noise-driven MOC
activity has a 20-25 ms delay before it begins to decay, and most of our subject's noise-driven MOC
effects could be seen to decay immediately following the first 75 ms after the noise (Fig. 6). The
additional 25 ms closer to the noise would probably yield larger MOC effects. This might be part of the
reason why we observed slightly smaller noise-driven MOC effects than have previously been reported
(Veuillet et al, 1991; Francis & Guinan, 2010). In addition, we used 50 dB SPL ipsilateral broad-band
noise while Francis and Guinan (2010) used 60 dB SPL contralateral noise. No difference would be
expected from the use of ipsilateral versus contralateral broad-band noise (Lilaonitkul & Guinan, 2009b),
but 50 dB SPL noise elicits less MOC activity than 60 dB SPL noise (Backus and Guinan, 2006).
The variability in our results may have been due, in part, to the structure of trial presentation
during our experiments. We found that significant task-dependent MOC activity was often sustained for
400 ms after the noise (Fig. 6), and probably extended further into the inter-trial interval (ITI). However,
our measurement of changes in CEOAE magnitudes within each trial depended on MOC activity having
significantly decayed within the -Is ITI, so that CEOAEs magnitudes recovered by the next trial.
Incomplete decay of MOC activity between trials might occur for two reasons (1) some subjects may use
a tonic increase in MOC activity throughout the task, or (2) the decay of MOC activity may be less
controlled by attention than the onset of MOC activity during each trial, such that the task-dependent
MOC activity takes more time to passively decay than our -1s ITI. Either of these occurrences may
account for some of the variability in our measurements of task-dependent MOC activity. One way to
reduce this variability in future experiments might be to extend the ITI.
C. Auditory Task-dependent MOC activity in continuous background noise
Our initial hypothesis for these experiments was that MOC activity would vary with the SNR.
This hypothesis was supported by previous studies (Dewson, 1968; Kawase et al, 1993; Heinz et al,
1998). Instead, our experiments indicated that the task-dependent increases in MOC activity did not
depend on the SNR (i.e., MOC activity did not depend on the pedestal-to-noise ratio for a fixed noise
level) over the range of SNRs that we tested (-10, 0, 10, 20, 30 and 40 dB), as long as the task
performance target was kept at 84% correct. Kawase et al used their AN data to predict the benefits of
increased MOC activity during auditory level discrimination, and found that for a fixed noise level,
increasing MOC activity at lower pedestal levels would increase tone-burst discriminability. Less benefit
would come from increased MOC activity at high pedestals. However, their analysis made predictions for
a fixed AL (5 dB), and we varied AL across pedestals to maintain 84% correct task performance. If AL and
pedestal level interact to determine the amount of task-dependent MOC activity for a fixed noise level,
then our use of smaller ALs at higher pedestal levels might have counteracted the effects of a reduced
SNR, and smoothed out the amount of task-dependent MOC activity across pedestals. Animal
experiments support the conclusion that AL would be an important factor to determine MOC activity.
Kawase et al (1993) and Winslow & Sachs (1996) both showed that in the sloped region of the AN rate-
level function, increased MOC activation increased the slope of responses to tone-bursts presented
concurrently with mid-level noise. The increased slope increases AN sensitivity to changes in tone-burst
levels, which may be the main mechanism behind the perceptual benefits that we found for increased
MOC activity in chapter two. MOC activity may also provide a perceptual benefit by reducing the gain
more for low level sounds (e.g. the noise) more than for high-level sounds (e.g. the tone burst) thereby
producing a net increase in the SNR of the neural representation of the signal (Jennings et al, 2011).
While AL might largely determine the amount of MOC activity elicited during an auditory level
discrimination, we found that an auditory detection task produced a similar amount of MOC activity
(when the percentage correct was still 84%). This is consistent with many studies that have predicted or
evidenced a role for MOC activity during auditory detection in noise (Dewson, 1967; Trahiotis & Elliot,
1970; Neider & Neider, 1970: Kawase et al. 1993; Zeng et al. 2000: Lilaonitkul & Guinan. 2009a: Walsh.
2010; Jennings et al, 2011). Our result is not surprising, given that our detection task was defined by one
end of a continuum of pedestal levels, and subjects always categorized the tone-bursts as same or
different, independent of whether a discrimination or detection task was done.
D. A possible high-frequency benefit for task-dependent MOC activity
Our use of an 84% performance target in almost all subjects allowed us to compare the task-
dependent increases in MOC activity for subject groups who did, or did not, reach the performance target.
The 4 subjects who did not reach the target (i.e., the <84% group) had significantly less MOC activity
than the subjects who did reached the target. However, the <84% group also had task frequencies that
were all below 2 kHz. Contrastingly, subjects who did the task above 2 kHz all reached the 84% criterion
and had significantly greater MOC activity than the <84% group. A more thorough investigation using
comparisons that separate the effects of task frequency and task performance is needed to clarify how
these two variables interact to determine task-dependent MOC activity.
E. Perceptual goals influence changes in MOC activity
Our finding that ACEOAE increases or decreases according to the instructions given to a subject
(Fig. 7) indicates that MOC activity is influenced by perceptual goals (i.e., the goal to decide if the tone-
bursts are the same or different, or the goal to not make that perceptual comparison). Our repeated
observation of this result in two subjects (Fig. 7), is supported by similar findings in chapter two for 3
other subjects' task and post-task conditions. However, in chapter two we found that the auditory task-
related MOC effects often did not completely extinguish during post-task conditions. The incomplete
extinction of MOC activity suggests that subjects were sometimes not able to stop doing the task after
being instructed not to do the task. Alternatively, the "incomplete extinction" could be interpreted as an
increase in baseline MOC activity following training. The latter explanation is consistent with the results
of de Boer & Thornton (2008).
F. Predicting task-dependent MOC activity from noise-driven MOC activity
Most previous studies using OAEs to study the role of human MOC activity in hearing have tried
to correlate noise-driven (i.e., reflexive) MOC activity with subjects' performance on a given auditory
task in noise (Micheyl & Collet, 1996; Micheyl et al, 1997; Kumar & Vanaja, 2004; de Boer & Thorton,
2007; de Boer & Thorton, 2008; Wagner, 2008; Walsh, 2010). An assumption in those experiments was
that the noise-driven response of MOC activity, measured at a different time than the task, is predicative
of the MOC activity in the task ear during the task. However there were no measurements of human MOC
activity in the task ear and during an auditory task in noise, prior to chapter one of this thesis. We did not
find a strong or significant correlation between noise-driven MOC activity and task performance (Table 1:
r- 0.206; p=0.500). This was largely because noise-driven MOC activity was not a good predictor of task-
dependent MOC activity (R2=0.29), according to a linear regression on the data across subjects (see Fig.
4).
One reason that we did not find a strong relationship between MOC activity with and without a
task might be related to our measurement of MOC activity during its decay. It is possible that a stronger
relationship between noise-driven and task-dependent MOC effects would occur if our analysis window
was closer in time to the steady-state MOC activity. To address this issue, we tried decreasing the
duration of the Test-window (see Methods) to only include the first 75 ms after the noise. This adjustment
improved the relationship between noise-driven and task-dependent MOC activity vs. percent correct or
AL so that the correlations became statistically significant, however, the correlations were still very weak
(Table 2), and noise-driven MOC effects were still not good predictors of task-dependent MOC effects
(R2=0.33). Furthermore, since we found that MOC activity is influenced by perceptual goals, reflexive
MOC responses cannot fully describe how MOC activity affects listening, when attention to sound leads
to MOC activation. Given these results, previous studies that did not find correlations between
performance on an auditory task and the size of noise-driven MOC effects on OAEs, measured separately
from the task, cannot be considered strong evidence against a perceptual role for MOC activity. Indeed,
any study that only measures noise-driven MOC effects to describe the role of the MOC system in
hearing must, from here on, be viewed skeptically.
G. Adaptive task-dependent MOC activity in changing acoustic contexts
We measured MOC effects during interleaved blocks of three different acoustic contexts to
roughly approximate a varying background noise spectrum, since continuous background noise in a
natural acoustic environment is unlikely to have a fixed and flat spectrum. We used broad-band noise,
broad-band noise with a 400 Hz-wide notch, and no noise. The notch width was chosen so that the noise
would not substantially excite the cochlear region responding to tone-bursts at 1.21 kHz (subject 327) and
3.08 kHz (subject 326), based on the equivalent rectangular bandwidths at those frequencies (155 and 353
Hz, respectively; Glasberg & Moore, 1990). However, the noise above and below the notch edges would
still produce MOC activity throughout the cochlea (Lilaonitkul & Guinan, 2009b), including in the region
within the notch. This MOC activity would inhibit the cochlea's response to the tone-burst and would not
be expected to reduce any tone-burst masking by the noise. Thus, it might be beneficial to turn down the
MOC response to the notched noise. Similarly, without noise, no MOC activity would be expected.
The data from the two subjects who did the discrimination task in broad-band, notched or no
noise were partly consistent with the preceding hypotheses, however the amount of MOC activity in the
notched and no noise conditions was more than expected. One explanation for these results might be the
presence of "animal-generated" noise such as from the cardiac cycle, as suggested in Kawase et al, 1993,
where they occasionally found enhancement of AN responses to tone-bursts when no noise was presented.
A second explanation could be that the majority of tasks were done in broad-band noise, so subjects may
have primarily learned to increase MOC activity, by default, during an auditory task. Further training in
the notched and no noise conditions might have reduced MOC effects.
We previously questioned whether the decay of task-dependent MOC activity was under
attentional control to the same extent as the onset of MOC activity. Given that doing an auditory task
without noise tended to elicit less MOC activity (Fig. 8), interleaving trials with and without noise, while
using the ITI as an independent variable, might quantify the time-scale for attentional control of MOC
activity. A time-scale of seconds would agree with the time-scale of the effects of a visual task on
cochlear responses that were likely to have been controlled, in part, by MOC activity (Delano et al, 2007).
In conclusion, our data show that auditory task-dependent MOC activity: (1) is near-constant as
SNR is changed for a fixed noise level, target frequency and task-performance target, (2) is similar for
detection and discrimination tasks, (3) is influenced by perceptual goals, (4) is less for tasks in quiet than
in noise, and (5) might be larger for high task frequencies than for low task frequencies.
V. Figures
A
40
5 20
J
0
100
* 'Detection
Threshold
*
90
0
E~ 70
NP 40 60 80 5 0 'P/40 60 80
Pedestal Level (dB SPL)
5 10 15 20
AL (dB)
Figure 1. Auditory task performance characteristics. A. Each point shows the response threshold,
averaged across subjects, for the 40, 50, 60, 70, or 80 dB SPL pedestal levels, or for no pedestal (NP).
When there was a pedestal, the threshold was a tone-burst level difference (AL), and when there was no
pedestal the threshold was a detection threshold (6). Error bars show 95% confidence intervals (ci95s).
The star indicates a significant difference (p = 0.009) between the thresholds for 50 and 80 dB SPL
pedestal levels. B. Each point shows the average across subjects of the percentage of correct trials for
each pedestal level. The horizontal line shows the target performance of 84% correct. The actual
performance was not significantly different (p > 0.05) than 84% correct at any pedestal level. C. Each
point shows the average percent correct versus the average AL for one subject. Averages were taken
across pedestal levels for each subject. Shown in C are the eight subjects used in panels A & B, and five
new subjects who were tested using only at the 50-70 dB SPL pedestal levels. Open circles show subjects
with task performances that were significantly different (all were less) than 84%. The horizontal solid line
shows 84% correct. The horizontal dotted line shows the average across subjects of the percent correct
(82.5%). The vertical dotted line shows the average across subjects of AL (11.6 dB).
4. **
0
s314R
4
s319R
4
0
NP 40 60 80
s324L *
s320R
s317R
NP40 60 80
.321R s323L - Task
*-N- No Task
NP 40 60 80 NP 40 60 80
Subject Average
* * *
NP
Pedestal Level (dB SPL) Pedestal Level (dB SPL)
Figure 2. Task-dependent increases in medial olivocochlear (MOC) efferent activity did not depend
on pedestal level for a fixed noise level and performance target (84% correct). Each point shows the
change in click-evoked otoacoustic emission (CEOAE) magnitude (ACEOAE) that was produced by the
effects of medial olivocochlear (MOC) efferent activity. Data are shown for the six pedestal levels during
an auditory task (blue) and without an auditory task (red). Larger ACEOAEs indicate larger MOC effects.
Data from individual subjects are shown in the small panels with text that indicates the subject number
and test ear. The average ACEOAE across subjects for each pedestal is shown in the large panel at right.
Stars indicate significant differences (p<0.05) between the MOC effects with and without a task, for a
given pedestal level. Here, and in all remaining figures, error bars show 95% confidence intervals (ci95s).
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Figure 3. Task-dependent MOC activity was similar for auditory detection and discrimination. Each
point shows the mean MOC effect from one subject during auditory detection (det., i.e. no pedestal) and
discrimination (disc., i.e. with a pedestal). The diagonal solid line indicates equal MOC effects in
detection and discrimination. Error bars show ci95s for the means across the discrimination-task pedestals
(40-80 dB SPL) for the 8 subjects that were tested at all six pedestals. The dotted line shows a linear
regression on the data. Averages and ci95s across subjects are shown in the inset.
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Figure 4. Performing an auditory task increased overall MOC activity. Each point shows the no-task
MOC effect versus the with-task MOC effect. Each condition was averaged across all pedestals for one
subject. The diagonal line indicates equal MOC effects with and without a task. The data are skewed
rightward of the diagonal indicating that doing the task increased MOC activity. Closed black circles
indicate subjects who had significant increases in MOC effects caused by doing an auditory task (10 of 13
subjects; p<0.05). Open circles indicate subjects who did not have significant differences in the MOC
effects with and without a task. The green open circle shows subject 334, who had the worst task-
performance (77.8% correct), and the smallest overall MOC effect. Averages across subjects are shown in
the inset. The black stars indicates that MOC effects were significantly different than zero with (p <
0.001) and without the task (p= 0.041). The red star indicates that MOC effects with the task were
significantly greater than without a task (p= 0.002). All error bars show ci95s.
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Figure 5. MOC activity was influenced by auditory task performance and task tone-burst
frequency. Subjects from Figure IC were grouped according to those whose task performances was
significantly different than (all were less) 84% (n=4; black bar and squares), not significantly different
than 84% (n=9; green bar and squares), not significantly different than 84% and tone-burst frequency < 2
kHz (n=5; white bar and squares), and not significantly different than 84% and tone-burst frequency > 2
kHz (n=4; purple bar and squares). The top, middle and bottom panels show each group's average percent
correct, AL and MOC effect, respectively. Error bars show ci95s. The stars indicate that the 84% correct
group and 84% correct (f>2kHz) group had significantly better task performance (p=0.009 and p=0. 007,
respectively) and significantly larger MOC effects (p=0.039 and p=0.0 27, respectively) than the <84%
correct group.
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Figure 6. Task-dependent MOC activity usually did not decay to zero within the 375 ms test
window. Each panel shows the decay of MOC effects with (blue) and without (red) an auditory task in
noise. Individual subject panels are indicated by the subject numbers located in the upper right corner of a
panel. The average across subjects is in the lower right panel. Error bars show ci95s.
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Figure 7. Changes in MOC effects were synchronized with changes in task instructions. Each panel
shows data from one subject. Blue (and red) data points show MOC effects measured before the task (pre-
task), during a task (TI, T2, T3, and T4), and after a task (post-task; P1, P2, P3 and P4, when subjects
were instructed to NOT do the task). The labels on the horizontal axis indicate the sequence of conditions
(see text for further details). Blue stars indicate post-task conditions that were significantly different than
the preceding task condition (p<0.0 5). Red stars indicate pre- and post-task conditions that were
significantly different than the following task condition. The insets for each subject show the average
across the task and post-task conditions. The blue star in the inset indicates that, on average, MOC
activity was significantly less during post-task than task conditions (s326: p= 0.011; s321: p= 0.009). All
error bars show ci95s.
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Figure 8. Task-dependent MOC effects varied with changes in acoustic context. Experimental
conditions are color coded as indicated in the legend. Each column at left shows data from one subject as
indicated by the number in the bottom panel. The top and middle rows respectively show the percent
correct and AL or 6 for a given condition. The dotted line in the top row shows 84% correct. The dotted
line in the middle row (when present) shows the average AL. The panels with subjects 321 and 314
compare discrimination and detection tasks, so there is no dotted line in the middle row. "No Task" bars
(red, magenta, or purple) adjacent to another bar show data from the same acoustic context. Subject 326
was not tested in the no-task conditions for notched noise or without noise. Colored stars indicate
significant differences between the bar under the star to the bar with the color of the star (p < 0.05). The
black stars indicate significant differences between the Task conditions without noise and the Task
conditions with noise (p<0.05). Averages across subjects are shown to the right. In this plot, broad-band
and notched noise data, as well as detection and discrimination data, were pooled, since no significant
difference was found between those conditions.
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Table 1. Correlation matrix for psychoacoustics and MOC effects on ACEOAE. Individual averages
from each subject as in figure 3 were arranged in a matrix to look for correlations between MOC effects,
percent correct and ALs across subjects. Numbers in bold italics show the correlation coefficient for a
given comparison. The plain numbers in the upper right show the corresponding p-values. No strong or
statistically significant correlations were found (p>0.05).
Task No Task Tone-burst
AL ACEOAE ACEOAE Frequency
% Correct
AL
Task ACEOAE
No Task ACEOAE
Tone-burst frequency
0.040 0.128 0.226
0.424 0.835 0.776
0.445
0.361
0.064 0.555
-0.088 0.557 0.218
Correlation Coefficient
Table 2. Correlation matrix for psychoacoustics and MOC effects on ACEOAE measured during
thefirst 75 ms of the MOC decay. Table I used results that were analyzed over 375 ms of the decay of
MOC effects. Here, only the first 75 ms of the decay were analyzed to look for stronger correlations.
Individual averages from each subject in Figure 3 (now using the 75 ms analysis window) were arranged
in a matrix to look for correlations between MOC effects, percent correct and ALs across subjects.
Numbers in bold italics show the correlation coefficient for a given comparison. The plain numbers in the
upper right show the corresponding p-values. Statistical significance is indicated by p-values < 0.05
% Correct
0.812
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Chapter 4: Summary and Future Directions
I. Thesis Review
The overlapping frequency spectra of background noise and an attended sound can cause
perceptual degradation (i.e., masking) of the attended sound. Cochlear responses to the noise can be
reduced by activity in the medial olivocochlear (MOC) efferent system that reduces cochlear amplifier
gain (Mountain and Hubbard, 1994; Cooper and Guinan, 2006). Acoustic noise reflexively activates
MOC efferents (Warren and Liberman, 1989), which decreases cochlear responses to the noise and
enhances auditory nerve sensitivity to transient sounds. These MOC-induced changes are believed to
facilitate the perception of transient sounds in noise. In addition to the auditory afferent pathways that
mediate MOC reflex activation, the MOC system receives inputs from the cortex and the brainstem
(Mulders & Robertson, 200; Xiao and Suga, 2002; Zhang & Dolan, 2006; Brown et al, 2010), which is
hypothesized to provide a pathway for auditory attention to control cochlear responses to sound by
modulating MOC activity, and therefore MOC effects in the cochlea.
In this thesis, a novel experimental paradigm was developed in which human subjects performed
auditory tasks on tonc-bursts prcscntcd in acoustic noise, whilc we rccordcd click-cvokcd otoacoustic
emissions (CEOAEs) in the task ear. We measured the effects of MOC activity on CEOAE magnitudes
(1) during auditory detection and discrimination tasks, (2) for multiple signal-to-noise ratios (SNRs) and
without noise, (3) during four levels of task difficulty, and (4) when subjects were given instructions not
to do the task, after doing the task. This thesis demonstrated how attentional control of cochlear responses
to sound benefits auditory perception by modulating the effects of MOC activity in the cochlea.
II. Summary of Findings
A. Chapter 2: Auditory Perception in Noise is Enhanced by Attentional Control of Cochlear
Responses to Sound
This chapter investigated the hypothesis that increased MOC activity facilitates listening during
an auditory task in noise. MOC effects on cochlear mechanical responses were measured by the change in
CEOAE magnitudes (ACEOAE). ACEOAE was measured with and without an auditory task. The
stimulus timing, noise level and average tone-burst levels were the same during trials with and without
the auditory task. We found clear evidence that attending to transient sounds in noise caused an increase
in MOC activity beyond the noise-driven (i.e., reflexive) MOC response. The task-dependent increase in
MOC activity had large variability in its frequency-dependence across subjects, and the increases were
not specific to the task frequency. Instructions not to do the task decreased MOC activity, compared to the
preceding task. We also found that MOC activity scaled with task difficulty and brought about a
perceptually beneficial change in cochlear operation during the task. Our results provide evidence for the
existence of a dynamic task-dependent interaction between the cochlea and the brain that has the function
of optimizing cochlear operation to enhance auditory perceptual accuracy in noisy acoustic environments.
B. Chapter 3: Task-Dependent Medial Olivocochlear Efferent Activity during Auditory Level
Detection and Discrimination
This chapter investigated the MOC effects on ACEOAE during performance of auditory level
detection and discrimination tasks, with and without noise. ACEOAE indicated that auditory detection
and discrimination tasks similarly increased MOC activity compared to when no task was done. The
stimulus timing, noise level and average tone-burst levels were the same during trials with and without
the auditory tasks. We expected task-dependent MOC activity to change systematically across SNRs,
however our results indicated that task-dependent MOC activity was near-constant as SNR was changed
(for a fixed noise level, target frequency and task-performance target). This was partly attributed to our
task performance-dependent adjustment of the tone-burst level difference (AL) during the discrimination
task. Variation across subjects in task-dependent MOC activity was partly attributed to a combination of
task-frequency and task performance: subjects with task frequencies above 2 kHz tended to have more
MOC activity and perform better on the task than subjects with task frequencies below 2 kHz. However,
the effect of task frequency and task performance on MOC activity were not clearly distinguishable. We
also found that when an auditory task was done in quiet, or when subjects were instructed not to do the
task, MOC activity decreased compared to doing the task in noise. The latter result was repeated, within
subjects, three times. The presence of substantial MOC activity when the task was done in quiet was
unexpected, but might be attributable to a predominance of training for auditory tasks in noise, or to
"animal-generated noise," such as the cardiac cycle. The decrease in MOC activity when subjects were
instructed not to do the task indicated that perceptual goals influence MOC activity.
III. Future Directions
Auditory attention played a prominent role in determining MOC activity during our experiments,
as indicated by the increases in MOC activity when subjects made decisions about sound levels,
compared to when no task was done. All of the tone-bursts for a given subject were at the same frequency,
which made for a very simple acoustic environment. A next step toward approximating a more complex
environment might be to present two sets of tone-bursts in each trial, with each set having a different
frequency. The task could be done in noise and in quiet. Subjects could do an auditory level
discrimination task at one pitch and then the other, while maintaining fixed stimulus parameters. This
experiment would clarify the role of MOC activity in frequency-selective attention, as opposed to the
generalized effect of directing attention toward sound in this thesis. In noise, it might be expected that for
a fixed frequency and level difference between the tone-bursts, MOC activity is increased at the attended
frequency, and decreased at the distractor frequency, since there would be no benefit to increasing
cochlear sensitivity to a distracting sound. In quiet, MOC activity might be reduced and increased at the
attended and distractor tones, respectively. This hypothesis is based on our observation of less MOC
activity in quiet than in noise, which suggests that increasing MOC activity in quiet is less beneficial to
hearing than increasing MOC activity in noise. Thus, increasing MOC activity for the distractor tone
during the auditory task in quiet might reduce the distractor's interfering effects.
A second proposed experiment considers the binaural pathways of the MOC system. We only
investigated monaural MOC effects to simplify our interpretations. However, several studies have
implicated a role for the MOC system in auditory localization (May et al, 2004; Francis & Guinan, 2010;
Irving et al, 2011; And6ol et al, 2011). Auditory localization takes advantage of both ears by exploiting
interaural differences. Our methods could easily be extended to binaural localization studies. A first
approximation might include subjects doing a same-different auditory spatial discrimination task on tone-
bursts presented at two locations in space, via head-related transfer functions. CEOAEs could be recorded
during the task using the trial structure described in this thesis. The change in latencies of cochlear
responses could be simultaneously measured in both ears using the change in CEOAE latencies (Francis
& Guinan, 2010), while subjects make decisions about tone-burst locations. These experiments might
clarify how MOC activity adjusts the latency of cochlear responses to sound during auditory localization.
The results of this thesis may also provide a framework for the development of a clinical
application of MOC effects. The task-dependence of MOC activity we have observed was only present
when subjects were responding by button press to give a response for the task. Thus, strictly speaking,
subjects did an auditory-motor task. In the natural world, listeners do not often respond to sounds, in an
expected location, with a motion. The ecological validity of our experiments might be increased if similar
task-dependent MOC activity was present when subjects do not respond by button press, and only make
mental judgments of the task sounds. This strictly endogenous control of cochlear responses to sound
might provide a cost-effective clinical measure of consciousness. For example, a patient who has lost
voluntary muscle control could not use movement to control assistive communication devices, however
the MOC system does not require muscular control. In cases where consciousness must be determined in
the absence of a motor response from a seemingly unresponsive patient, measuring MOC-induced
changes in otoacoustic emissions before and after instructing the patient to discriminate sounds might
indicate if the patient is conscious.
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